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fetal ventricular hydraulic power; fetal pulmonary trunk blood flow; fetal aortic trunk blood flow ALTHOUGH IT IS WIDELY ACCEPTED that right ventricular (RV) output is higher than left ventricular (LV) output within the "in parallel" fetal circulation (1, 16, 36, 41, 43, 44, 48) , the question of whether blood pressure in the fetal pulmonary trunk (PT) also exceeds that in the ascending aorta [aortic trunk (AoT)] has been more controversial. Thus, in acutely anesthetized and completely exteriorized fetal lambs, mean PT blood pressure has been noted to be 6 -7 mmHg higher than in the AoT (4, 5) . As such exteriorization is known to be associated with marked disturbances of circulatory physiology (17) , this pressure difference was initially attributed to the nature of the experimental preparation (37) . Nonetheless, numerous subsequent studies (1, 8, 11, 14, 20, (42) (43) (44) using fluid-filled catheters in both mid-and late-gestation chronically instrumented fetal lambs have reported mean PT blood pressure to be 1-4 mmHg greater than mean AoT pressure, suggesting that a positive PT-AoT pressure difference is a normal feature of the fetal circulation. However, although it appears that the PT-AoT pressure difference attains its highest value in systole (4, 5, 38) , the inherent phase delay and poor frequency response of fluid-filled catheters (23) has precluded any detailed characterization of this pressure difference. Furthermore, the specific mechanism(s) that could underlie such a pressure difference are yet to be defined, although in late-gestation fetuses, it has been ascribed to a minor degree of constriction of the ductus arteriosus (DA) (36) .
Two physiological mechanisms that have not previously been considered could, however, contribute to a positive PTAoT pressure difference in the fetus. The first is that the predominant RV pump function present in utero (38, 43) may itself be associated with the production of a higher PT pressure during ejection. The second potential mechanism has emerged from recent studies in our laboratory (45) (46) (47) that have examined fetal pulmonary arterial (PA) hemodynamics using wave intensity (WI) analysis, a time-domain approach based on the premise that circulatory function is accompanied by the propagation of infinitesimal wavefronts defined by their pressure and velocity effects (7, 29) , with the product of changes in pressure and velocity (i.e., "WI") related to the instantaneous energy carried by the wavefronts. These studies indicated that a characteristically low level of fetal PA blood flow (13, 37) was associated with the presence of an extremely large backward-running compression wave (BCW) that originated in the pulmonary microvasculature during each cardiac cycle, in response to a preceding forward-running compression wave (FCW) associated with impulsive RV ejection. This BCW travelled into larger pulmonary arteries, where it increased local blood pressure but decreased velocity/flow, and was then partially transmitted into the PT, where it augmented the systolic upstroke of the PT pressure profile (46, 47) . Importantly, the fetal PT BCW has been reported to be larger than a BCW also present in the AoT (15) , raising the possibility that a regional difference in the magnitude of BCW contributes to the greater PT than AoT blood pressure.
Therefore, this study, in which hemodynamic and WI analyses were performed in the PT and AoT of anesthetized near-term fetal lambs, had two specific aims. The first was to define the characteristics of the PT-AoT pressure difference using high-fidelity micromanometers. The second was to correlate these characteristics with WI findings to determine to what extent the PT-AoT pressure difference was related to a higher level of RV pump function or to a larger PT BCW.
METHODS
Experiments were approved by the institutional Animal Ethics Committee and conformed with guidelines of the National Health and Medical Council of Australia.
Surgical preparation. The general features of the surgical preparation were similar to those previously described (46, 47) . Briefly, nine pregnant Border-Leicester cross ewes were anesthetized at a gestation of 140 Ϯ 2 days (mean Ϯ SD, term ϭ 147 days) with intramuscular ketamine (5 mg/kg) and xylazine (0.1 mg/kg) followed by 5% isoflurane delivered by mask. After intubation of the trachea, anesthesia was maintained with 2-3% isoflurane and nitrous oxide (10 -20%) in oxygen-enriched air delivered via a volume-controlled ventilator (900C Servo, Siemens-Elema, Solna, Sweden) supplemented by an intravenous infusion of ketamine (1-1.5 mg·kg Ϫ1 ·h
Ϫ1
), midazolam (0.1-0.15 mg · kg Ϫ1 ·h Ϫ1 ), and fentanyl (2-2.5 mg · kg Ϫ1 ·h Ϫ1 ). Oxygen saturation was monitored continuously with a pulse-oximetry sensor (Oximas Dura-Y, Tyco Healthcare, Pleasanton, CA) applied to the ewe's ear. The right common carotid artery of the ewe was cannulated to monitor blood pressure (90308 Multiparameter Monitor, Spacelabs Medical, Redmond, WA) and for arterial sampling for blood gas analysis (ABL 620, Radiometer, Copenhagen, Denmark), with ventilation adjusted to maintain arterial PO2 at ϳ120 mmHg and arterial PCO2 at ϳ40 mmHg.
After a midline laparotomy and hysterotomy, the head, left forelimb, and upper left thorax of the fetus were exteriorized onto the cephalic part of the ewe's abdomen, leaving the umbilical cord protected within the uterus. After a saline-filled glove was placed over the fetal head and the neck incised, a cannula was inserted into the left external jugular vein for fluid administration while a 5-Fr vascular sheath was passed into the distal part of the AoT via the left common carotid artery for pressure measurement and blood sampling. A 2.5-Fr micromanometer catheter (Millar Instruments, Houston, TX) was subsequently passed via this sheath into the AoT to obtain a highfidelity pressure recording. A thoracotomy was performed in the third left interspace, with removal of the third and fourth ribs to increase exposure of the heart and great vessels. After incision of the pericardium, a cannula was inserted through a purse-string suture into the distal portion of the PT and connected to a polyvinyl catheter to measure mean pressure. Through a separate purse string suture, a second 2.5-Fr micromanometer catheter (Millar Instruments) was inserted into the PT near the origin of the main PA. With the PT and AoT micromanometers both in situ, a 10-or 12-mm "A series" transit-time flow probe (Transonic Systems, Ithaca, NY) was then placed around the AoT. A 12-or 14-mm "A series" flow probe was also placed around the PT, either concurrently with the AoT probe (n ϭ 1) or immediately after removal of this probe (n ϭ 8).
Physiological data. PT and AoT blood pressures were measured via the fluid-filled catheters with a transducer (Transpac IV, Abott Critical Care Systems, Sligo, Ireland), referenced to atmospheric pressure at the level of the left atrium and calibrated against a water manometer. Pressure signals from fluid-filled catheters were processed using a transducer amplifier (Transbridge TBM4M, World Precision Instruments, Sarasota, FL). High-fidelity PT and AoT pressures were obtained by interfacing micromanometers with transducer control units (TCB-500, Millar Instruments). PT and AoT flows were measured with a flowmeter (model T206, Transonic Systems). All physiological signals were digitized at a sampling rate of 1,000 Hz using an analog-to-digital convertor (iNet-100B, GW Instruments, Somerville, MA) interfaced with programmable acquisition and analysis software (Spike2, Cambridge Electronic Design, Cambridge, UK). No data filtering was used apart from the application of a 48 Hz-low-pass filter at the time of analysis to remove electrical interference from signals.
Experimental protocol. After an aortic blood sample was withdrawn for gas analysis, steady-state variables were recorded in all fetuses for hemodynamic as well as PT and AoT WI analyses. At the end of the study, animals were killed with a pentobarbitone sodium overdose (100 mg/kg), and the position of the catheters was checked.
Blood pressure analysis. PT and AoT micromanometer signals were initially calibrated by matching mean values to the mean pressure of the respective fluid-filled catheters, and a PT-AoT instantaneous pressure difference (IPDPT-AoT) profile was derived. The latter was then further corrected for any offset due to transducer drift and the right lateral positioning of the fetus (which resulted in a slightly greater AoT hydrostatic pressure because of the relatively higher level of the PT). The magnitude of this offset was determined in each fetus at the end of the long diastole that followed the mechanical induction of a ventricular extrasystole (46) , based on the assumption that IPD PT-AoT should then be equal to zero. The measured offset, which was subsequently subtracted from AoT pressure and added to IPD PT-AoT, averaged 0.2 Ϯ 0.3 mmHg. PT and AoT peak systolic, mean, average diastolic, and minimum diastolic pressures were calculated after calibration of micromanomenter signals was complete.
WI analysis. Details of the concepts underlying WI analysis and validation of methodology have been provided elsewhere (7, 19, 29, 51) . As WI analysis uses pressure and velocity data, AoT and PT blood flows were converted to velocity using the cross-sectional area derived from caliper measurements of the vessel diameter (45) . After ensemble averages of pressure and velocity signals were derived from a mean of 53 beats in the PT (range: 38 -70) and 56 beats in the AoT (range: 34 -72), the rates of change of PT and AoT blood pressure (dP/dt) and velocity (dU/dt) and the product of these differentials (i.e., net WI) were calculated. Note that WI is a "time-corrected" variable that is independent of the digitizing sample rate (10, 31, 35, 47) .
Due to the extent of temporal overlapping of waves in central arteries of the fetus, accurate quantitation of wave magnitude requires the separation of WI into forward and backward components (45) (46) (47) . To perform this separation, wave speed was obtained from ensembleaveraged waveforms with the pressure-velocity loop method using the following relation: c ϭ dP/dU (21), where is blood density (assumed as 1,050 kg/m 3 ), c is wave speed, P is pressure, and U is velocity. The pressure-velocity loop method for estimating wave speed has been validated against the foot-to-foot method (18, 21, 22) , with an average difference of 2% between the two methods (22) . Using 15 Ϯ 2 datapoints in the PT and 16 Ϯ 4 in the AoT, dP/dU was calculated with least-squares linear regression from the pressurevelocity slope during early systole, when the contribution of backward-running waves is minimal (21, 22, 31, (45) (46) (47) . Time lags between pressure and velocity data points related to hardware-related delays (18) and any difference in the relative positions of the flow probe and micromanometer measurement sites were corrected by aligning the peak second derivatives of these signals (45) (46) (47) , resulting in highly linear PT and AoT early systolic pressure-velocity relations (R 2 Ն 0.99). As per convention (7, 29) , waves propagating away from the ventricle were defined as forward running and those arising from the vasculature as backward running. Using established methodology (10, 31, (45) (46) (47) , WI of forward-running (WIϩ) and backward-running waves (WIϪ) was calculated as follows: WIϮ ϭ (dPϮ/dt)(dUϮ/dt), where the pressure and velocity differentials associated with these waves were given by dPϮ/dt ϭ ½[dP/dt Ϯ c(dU/dt)] and dUϮ/dt ϭ ½[dU/dt Ϯ (1/c)(dP/dt)], respectively. Waves causing a pressure increase (dPϮ/dt Ͼ 0) were classified as compression waves, whereas waves causing a pressure reduction (dPϮ/dt Ͻ 0) were classified as expansion waves (10, 31, (45) (46) (47) . The forward and backward components of pressure (PϮ) and velocity (UϮ) were obtained by integrating the appropriate pressure or U differentials (26) .
The size of forward-running or backward-running waves was quantified with peak WIϮ and the cumulative intensity (CI), which was calculated as the integral of WIϮ over the duration of the wave (10, 31, 45-47). Note that for the purposes of this study, FCW, which is the manifestation of the ventricular impulse generated in systole and provides the forward momentum for blood movement from the ventricle to the vasculature (52), included not only the main early systolic FCW but also any ensuing smaller midsystolic FCWs that occurred before the maximal IPD PT-AoT. The pressure and velocity changes related to each wave (i.e., ⌬P and ⌬U, respectively) were obtained as the difference in P Ϯ or UϮ measured between the start and end of the wave (45) (46) (47) . The BCW-to-FCW ratios of peak WI, CI, and ⌬P were calculated to provide a measure of BCW size relative to the FCW. To quantify RV and LV pump function, net PT and AoT hydraulic power were calculated as the instantaneous product of PT or AoT P and flow. Subsequently, the forward (i.e., ventricular) and backward (i.e., vascular) components of hydraulic power related to waves were calculated by making use of P Ϯ and UϮ, as detailed in the APPENDIX.
To assess the ventricular contribution to the maximal IPD PT-AoT, ⌬P of the PT and AoT FCWs were measured from the onset of FCW to the maximal IPD PT-AoT, whereas the vascular contribution was determined by measurement of ⌬P of the PT and AoT BCWs from the onset of this wave to maximal IPD PT-AoT. The differences between ⌬P of the PT and AoT FCW or BCW were then computed and compared with the maximal IPD PT-AoT.
Statistical analysis. Data were analyzed using Statistical Package for the Social Sciences version 16.0 (SPSS, Chicago, IL). Hemodynamic and WI data between the PT and AoT were compared using repeated-measures ANOVA. Results are expressed as means Ϯ SD, and significance was taken at the P Ͻ 0.05 level.
RESULTS
Baseline blood gases and hemodynamics. Aortic pH was 7.32 Ϯ 0.02, hemoglobin was 12.1 Ϯ 1.3 g/dl, hemoglobin oxygen saturation was 68 Ϯ 8%, PO 2 was 23.8 Ϯ 2.6 mmHg, PCO 2 was 48.0 Ϯ 2.9 mmHg, base excess was Ϫ1.8 Ϯ 1.4 mmol/l, and heart rate was 160 Ϯ 14 beats/min.
As noted previously (15, 38) , an abrupt midsystolic decline in flow was evident in the PT but not in the AoT (Fig. 1A) . Both peak (P Ͻ 0.002) and mean (P Ͻ 0.05) PT flows were higher than in the AoT, but the timing of the flow peaks was similar ( Table 1 ). The morphology of PT and AoT pressure profiles also differed, with the PT waveform having a higher and earlier peak and a more prominent incisura (Fig. 1B) . Compared with the AoT, PT systolic and mean pressures were 5.5 Ϯ 2.4 mmHg (P Ͻ 0.001) and 1.3 Ϯ 0.7 mmHg (P Ͻ 0.001) greater, respectively, but diastolic pressures were not different. In addition, peak PT pressure occurred 26 ms earlier than the AoT peak (P Ͻ 0.02; Table 1 ). The shape of the power profiles broadly resembled that of the flow waveforms (Fig.  1C) , with both peak (P Ͻ 0.002) and mean hydraulic power (P ϭ 0.03) being higher in the PT (Table 1) .
IPD PT-AoT exhibited five main features, namely, 1) a small positive peak in early systole, 0.9 Ϯ 1.0 mmHg in magnitude (P ϭ 0.025); 2) a higher peak in midsystole; 3) a decline of the latter peak in late systole; 4) an abrupt fall to a large negative trough around the time of valve closure; and 5) a recovery to near-zero values in diastole (Fig. 2) . Importantly, the maximal IPD PT-AoT , 6.5 Ϯ 2.5 mmHg, exceeded the peak-to-peak difference in PT and AoT pressures (P Ͻ 0.01) and occurred at a similar time to the peak PT pressure (P Ͼ 0.5).
WI analysis. PT and AoT WI profiles displayed a large early systolic and smaller midsystolic FCWs, one or more BCWs, and a prominent late systolic forward expansion wave (FEW). However, whereas the PT and AoT FCWs were of comparable size, the PT BCW and FEW were clearly larger in amplitude. Moreover, whereas the PT BCW was mainly confined to a single midsystolic wave, the AoT contained multiple BCWs spanning mid-and late systole (Fig. 3) . Compared with the AoT, both the forward and backward components of PT hydraulic power were greater in early and midsystole (Fig. 4) .
Wave speed was similar in the PT and AoT. When the PT and AoT were compared, FCW peak WI and CI were not different, but the magnitudes of BCW and FEW peak WI and CI were ϳ3-fold (P Ͻ 0.001) and ϳ1.5-fold (P Յ 0.008), respectively, larger in the PT. However, the magnitudes of FCW, BCW, and FEW ⌬P, ⌬U, and hydraulic power were all greater in the PT (Table 2) . Furthermore, the PT BCW commenced 11 Ϯ 5 ms before the AoT BCW (P Ͻ 0.001) and was near complete by the time of maximal IPD PT-AoT (96 Ϯ 8% compared with 45 Ϯ 19% for the AoT BCW, P Ͻ 0.001).
The combination of WI ⌬P (Table 2) and IPD PT-AoT data indicated that, of the maximal IPD PT-AoT of 6.5 mmHg, 2.3 Ϯ 2.3 mmHg (i.e., 35%) was accounted for by a higher FCW ⌬P in the PT compared with the AoT and 4.0 Ϯ 1.5 mmHg (i.e., 62%) by a higher BCW ⌬P in the PT compared with the AoT ( Fig. 5) . Further breakdown of the 2.3-mmHg component of IPD PT-AoT related to FCW ⌬P indicated that 0.8 mmHg was attributable to differing effects of the PT and AoT early systolic FCW (this corresponded to the small early positive peak in the IPD PT-AoT profile), whereas 1.5 mmHg was due to a differing effect of the smaller midsystolic FCWs and was contained within the midsystolic peak of IPD PT-AoT (Fig. 3) .
DISCUSSION
This study used the combination of WI analysis, performed in the PT and AoT, with high-fidelity measurement of IPD PT-AoT to define the mechanisms underlying the higher PT than AoT blood pressure in the fetus. Our results indicated that such a PT-AoT pressure difference was a systolic phenomenon arising from distinct ventricular and vascular components. The ventricular component occurred in early and midsystole, accounted for 35% of the peak PT-AoT pressure difference, and resulted from a greater pressure-generating effect of RV impulsive contraction. The vascular component was evident in midsystole, provided ϳ60% of the PT-AoT pressure difference, and was due to the presence of a BCW in the PT that was earlier in onset and larger in magnitude than a BCW evident in the AoT.
Consistent with previous findings using fluid-filled catheters in chronically instrumented preparations (1, 8, 11, 14, 20, (42) (43) (44) , mean blood pressure in the PT exceeded that of the AoT in fetal lambs, with a PT-AoT difference of ϳ1 mmHg. Moreover, in accord with prior observations (4, 5, 38), a higher difference (ϳ6 mmHg) was present between PT and AoT systolic pressures. Indeed, the development of a positive PTAoT pressure difference was wholly a systolic phenomenon, as neither average nor minimum PT and AoT diastolic pressures differed from one another. Furthermore, distinct variations were present in the morphology of systolic pressure waveforms, with peak PT pressure attained in midsystole but peak AoT pressure reached in late systole (Fig. 1B) . As a consequence of this differing temporal pattern in PT and AoT pressure profiles, the maximal value of IPD PT-AoT (ϳ7 mmHg) occurred close to peak PT pressure and was 1 mmHg higher than the difference between the maxima of PT and AoT pressures. Moreover, the IPD PT-AoT profile also revealed two peaks, one in early systole and the other in midsystole (Fig. 2) , the basis of which was apparent from the combination of IPD PT-AoT and WI findings. However, it is important to note that, while a positive systolic IPD PT-AoT can be explained on the basis of waves, the presence of a mean PT-AoT pressure difference also implies that a degree of fluid mechanical pressure loss existed between these two locations (30) , which is consistent with the proposition that the aortic isthmus is a site of functional separation in the fetal arterial circulation (36) .
The comparison of ⌬P related to the PT and AoT FCW indicated that a higher PT FCW ⌬P (Table 2 ) contributed 2.3 mmHg or 35% of maximal IPD PT-AoT (Fig. 5) . As the FCW results from the ventricular impulse generated at the beginning of systole (52) , this finding therefore implied that the pressuregenerating effect of RV contraction exceeded that of the LV. This conclusion was supported by the greater magnitude of the FCW component of PT hydraulic power ( Table 2 ) and was in accord with the known predominance of RV pump function in utero (38, 43) , which appears to be related to factors such as RV and LV differences in chamber volume, geometry, compliance, preload, and myocyte size (2, 32, 49, 50) . More importantly, the FCW-related contribution to the IPD PT-AoT comprised not only an early systolic peak coinciding with the main early systolic FCW but also a midsystolic component arising from much smaller midsystolic FCWs (Fig. 3) , the presence of which perhaps reflected an incoordination of RV and LV systolic contraction patterns secondary to the known structural immaturity of the fetal myocardium (49) . Interestingly, ⌬P (as well as ⌬U and hydraulic power) related to the PT FCW was greater than that of the AoT FCW, despite a lack of difference in the PT and AoT FCW peak WI and CI (Table  2 ). This discrepancy is likely to have occurred because the energy flux carried by waves does not represent the total hydraulic energy associated with waves (29) .
Although the midsystolic peak of IPD PT-AoT was in part derived from the higher PT FCW ⌬P, a comparison of the PT and AoT ⌬P related to BCW indicated that most of this peak was due to a greater pressure-generating effect of the PT BCW (Table 2) , which accounted for 4.0 mmHg or ϳ60% of the maximal pressure difference (Fig. 5) . Given that the PT BCW is a partial retrograde transmission of the PA BCW (46) and that the PA BCW arises within the pulmonary microvasculature (45, 47) , this observation highlights the major role of pulmon- Data are expressed as means Ϯ SD; n ϭ 9. AoT, aortic trunk; PT, pulmonary trunk. Note that timing refers to the interval from beat onset, defined using the point of maximum rate of rise of PT blood pressure. Fig. 2; and 2) to enhance the visualization of blood pressure profiles, PϪ has been offset by the net P value at beat onset. FCWis, initial systolic forward-running compression wave (FCW); FCWms, midsystolic FCW; FEW, forward-running expansion wave; BEW, backward-running expansion wave; BCW, backward-running compression wave.
ary vascular waves in the genesis of a positive IPD PT-AoT in the fetus. It is noteworthy that, in tandem with its larger magnitude, two other features of the PT BCW combined to produce a midsystolic PT-AoT pressure difference, namely, 1) the onset of the PT BCW (and therefore its ⌬P effect) commenced ϳ10 ms before the AoT BCW and 2) the PT BCW was essentially complete by the time the maximal IPD PT-AoT was attained, whereas only about half of the multipeaked AoT BCW had occurred by this point. As PT and AoT wave speeds were similar, these features not only suggest that the point of origin of the BCW was closer to the measurement site in the PT than the AoT but also emphasize the importance of the different vascular arrangement into which the RV and LV eject, with the PT BCW arising from a fairly localized anatomic site within the lungs (45, 47) but the AoT BCW appearing to originate from multiple reflection sites situated at progressively more distal locations in the AoT and its daughter vessels.
Given that the results of the present study suggest that ϳ95% of a positive IPD PT-AoT can be accounted for by RV and pulmonary vascular factors, our data do not support the suggestion that a PT-AoT pressure difference in the fetus is due to ductal constriction (36) . Furthermore, as constriction of large arteries causes increased reflection of the early systolic FCW as a BCW (35) , it would be expected not only that the PT BCW should be derived from a DA BCW but that the magnitudes of PT and DA BCWs should be similar, if DA constriction were the direct cause of a higher PT than AoT blood pressure. However, the current data suggest that the PT BCW does not arise from the DA but from the pulmonary vasculature, as it is abolished by occlusion of the main PA (15, 45, 47) . Moreover, with PT blood pressure exceeding AoT pressure, DA WI analysis revealed only a very small midsystolic BCW having Ͻ10% of the CI and producing ϳ20% of ⌬P of the PT BCW (45) .
As well as positive peaks in early and midsystole, IPD PT-AoT also displayed a large negative trough, occurring around the time of valve closure, that was associated with a more prominent incisura in the PT (Figs. 1 and 2 ). In conjunction with these findings and in accord with a previous observation (15) , the late systolic FEW present in the PT was substantially larger than in the AoT. As FEW is the vascular manifestation of a ventricular rarefaction ("suction") wave that accompanies ventricular relaxation (52) , this implies that processes involved in this relaxation, such as ventricular untwisting (27) , were more pronounced in the RV than in the LV.
A number of methodological issues require comment. First, wave speed in the fetal PT and AoT was similar in the present Data are expressed as means Ϯ SD; n ϭ 9. WI, wave intensity; FCW, forward-running compression wave; BCW, backward-running compression wave; FEW, forward-running expansion wave; CI, cumulative intensity; ⌬P, blood pressure change; ⌬U, blood velocity change. Note that FCW and BCW CI, ⌬P, ⌬U, and hydraulic power have all been measured between wave onset and the maximal PT-AoT instantaneous pressure difference. study, which contrasts with the finding of a previous report (15) , which also used the pressure-velocity loop method, that wave speed in the PT (2.6 m/s) was lower than in the AoT (4.5 m/s). This lower PT wave speed appears in large part to be related to a combination of two factors. Thus, the present study used quadruple-transducer, X-beam "A-series" transit-time probes, which provide accurate flow measurements in both the PT and AoT (12) . On the other hand, the study of Grant et al. (15) used earlier model, dual-transducer, V-beam "S-series" probes, which can substantially underestimate flow, particularly in the PT (6, 40) . To circumvent this limitation of "S-series" probes, an upward scaling factor was introduced to fulfill the assumption that PT flow was twice AoT flow (15) . With no change in the pressure component, such scaling would be expected to skew the pressure-velocity loop to the right, thus decreasing the slope of the pressure-velocity relation in early systole and, therefore, the calculated wave speed. Indeed, if a scaling factor based on the same assumption is introduced into our PT blood flow dataset, calculated PT wave speed (3.4 Ϯ 1.4 m/s) is then less than AoT wave speed (4.8 Ϯ 1.1 m/s, P Ͻ 0.05).
Second, a potential limitation of our study was that it was performed under general anesthesia and open-chest conditions, an approach necessary because of the extent of surgical instrumentation required to obtain high-fidelity measurements for WI analysis. However, blood gas and blood pressure data were within the normal range reported in unanesthetized, chronically instrumented late-gestation fetal lambs (1, 24, 28, 34, 39, 41, 44, 48) . Furthermore, as with prior studies in partially exteriorized fetuses where the umbilical cord remained protected within the uterus (3, 33) , RV output exceeded LV output, which is the pattern observed in chronically instrumented fetuses (1, 16, 36, 41, 43, 44, 48) . It is thus unlikely that the qualitative features of our findings were affected by our experimental approach. However, we cannot exclude the possibility that wave transmission and reflection characteristics may have been quantitatively altered, although the magnitude of any such effect is likely to be quite minor.
Perspectives and significance. The results of the present study indicate that the higher PT than AoT blood pressure observed in fetal lambs is principally related to a combination of a relatively higher level of RV pump function manifest in early and midsystole and the midsystolic presence in the PT of a large pressure-increasing energy wave arising from the pulmonary vasculature. The potential physiological role of such a pressure difference in utero includes the facilitation of shunting of PT blood across the DA and into the descending aorta, particularly in midsystole, when PT flow (and therefore RV output) falls abruptly (15, 37, 38, 45) . Furthermore, birth is associated with a rapid decrease in RV pump function (43) , while the striking difference in the morphology of PA blood flow profiles between fetal and newborn lambs (24) suggests that pulmonary vascular wave generation is also markedly reduced in the perinatal period (47) . These two factors may thus contribute to the rapid decline in pulmonary pressures that accompanies the birth process (13, 37, 43, 48) .
APPENDIX
The dominant form of hydraulic power in arteries (9, 25) is the pressure power (⌸), defined as follows:
where Q is flow. Although ⌸ has traditionally been separated into steady and pulsatile components using a frequency-domain approach, an analogous time-domain approach can be used to assess the contribution of forward-and backward-running pressure/flow waves to net power, using a separation approach similar to that used in WI analysis. Assuming linearity (i.e., P ϭ P ϩ ϩ PϪ and U ϭ Uϩ ϩ UϪ),
where flow and velocity components are related via Q Ϯ ϭ A ϫ UϮ (A is cross-sectional area, assumed here to be constant). Expanding Eq. A2 gives the following:
The waterhammer equation states that there is a direct relation between pressure and flow components via
If we arbitrarily assign the following initial values for the components, P ϩ 0 ϭ P 0 , P Ϫ 0 ϭ 0, Q ϩ 0 ϭ Q 0 , and Q Ϫ 0 ϭ 0 ( A5) then the integration of Eq. A4 yields P ϩ ϭ P 0 ϩ c
Substituting Eq. A6 into the second and third terms in Eq. A3 and simplifying yields ⌸ϭP ϩ Q ϩ ϩ (P Ϫ ϩ P Ј0 )Q Ϫ
where P =0 ϭ P 0 Ϫ (c/A)Q 0 and is a constant related only to the choice of initial conditions. Since the first and second terms in Eq. A7 contain only forward and backward-running components of pressure and flow, respectively, the forward-and backward-running components of power can be defined as follows:
which satisfies ⌸ ϭ ⌸ ϩ ϩ ⌸Ϫ. Alternative choices of initial conditions result in different constants appearing in Eq. A7 and A8 but the same final values of ⌸ Ϯ.
